Abstract. The histologic heterogeneity of lung adenocarcinoma is well known. Many histologic subtypes have been described, and recently their prognostic and predictive value has emerged. Laser capture microdissection may aid in the isolation of cancer cells from distinct subtypes of lung adenocarcinoma, thus enabling the description of their specific molecular features. Characterization of epidermal growth factor receptor (EGFR) mutations in histologic subtypes of lung adenocarcinoma has become an important issue. The purpose of this study was to analyze EGFR mutations in exons 18-21 in single histologic subtypes of lung adenocarcinoma after laser capture microdissection. A revision and reclassification of a series of 208 non-small cell lung cancers was conducted, and 62 adenocarcinomas with a total of 119 histologic component subtypes were identified. Laser capture microdissection of each subtype was performed. EGFR mutations in exons 18-21 were detected using polymerase chain reaction single-strand conformation polymorphism and direct DNA sequencing. EGFR mutations were detected only in 3 out of the 62 adenocarcinomas analyzed. Two adenocarcinomas harbored EGFR mutations in exon 19 (the E746-T751 deletion VA insertion and the LREAT deletion) and one adenocarcinoma the EGFR exon 21 L858R missense point mutation. EGFR mutations were observed in all component subtypes. This suggests that, in a patient with lung adenocarcinoma, EGFR mutations are not associated with particular component histologic subtypes and probably occur at an early stage of tumorigenesis. Notably, 2 out of the 3 mutated adenocarcinomas had a bronchioloalveolar component, whereas the third mutated adenocarcinoma had a papillary subtype. Although we detected EGFR mutations only in 3 out of 62 adenocarcinomas and EGFR mutations were present in every subtype of each mutated adenocarcinoma, our research might represent a basis for further studies in characterizing molecular profiles of different component subtypes of lung adenocarcinoma.
Introduction
Adenocarcinoma of the lung is the most common histotype of non-small cell lung cancer in the USA and in Western countries (1) . Lung adenocarcinoma is a heterogeneous entity because of its histologic features, molecular profiles and clinical behavior. Many histologic subtypes of lung adenocarcinoma have been described, and only recently has their importance in prognosis and response to therapy emerged.
To date, laser capture microdissection has been used mainly as a powerful tool to selectively isolate cancer cells from the surrounding normal tissue in order to avoid crosscontamination and masking of cancer-specific features by normal material. Such an application of laser microdissection technique has been reported in many research studies, including several investigating epidermal growth factor receptor (EGFR) gene mutations in non-small cell lung cancer (2, 3) , pancreatic adenocarcinoma (4, 5) and colon cancer (6, 7) . However, besides being useful for separating cancer cells from the surrounding normal tissue, laser microdissection may greatly aid in isolating cancer cells belonging to distinct subtypes of lung adenocarcinomas in order to describe the molecular features specific to each. Since most adenocarcinomas are, in fact, 'mixed subtype', i.e. composed of more than one histologic subtype, isolation of DNA, RNA or protein from the whole tumor and not from microdissected subtypes might introduce bias when profiling cancers.
Characterization of EGFR mutations in distinct histologic subtypes of lung adenocarcinoma is becoming an important issue. Recently, mutations in the EGFR gene have been described in lung adenocarcinomas and have been associated with response to EGFR tyrosine kinase inhibitors (TKI), erlotinib and gefitinib (8) (9) (10) . EGFR mutations occur in approximately 30% of adenocarcinomas (11) . Expression of the two most common EGFR mutations, exon 19 deletions and exon 21 L858R substitution, which lead to lung adenocarcinomas in mouse model systems (12, 13) , is associated with a high response rate to erlotinib, a long progressive-free survival and a trend toward improved overall survival in humans (14) . However, active research is underway to determine whether longer survival is due to a favorable prognosis of tumors harboring EGFR mutations, treatment with erlotinib/gefitinib, or both. Associations between histology and EGFR mutations are still a matter of debate. In early studies of EGFR TKI, a higher response rate was observed in tumors classified as bronchioloalveolar carcinomas (BAC) or in patients with adenocarcinomas with bronchioloalveolar subtype or with clinical features associated with BAC, such as the absence of or more modest cigarette smoking (8, (15) (16) (17) . Since then, investigators began to readdress the importance of pathologic subtypes, particularly bronchioloalveolar. However, recently, Motoi et al revealed that EGFR mutations seem to be strongly correlated with a papillary subtype and not with a bronchioloalveolar subtype (18) .
In light of these findings, the goal of our study was to contribute to the characterization of distinct histologic subtypes of lung adenocarcinoma. We isolated, using laser capture microdissection, all subtypes composing 62 lung adenocarcinomas and subsequently analyzed EGFR mutations in exons 18-21 .
Materials and methods
Patients, tissues and histopathologic analyses. A retrospective analysis of 208 patients, who consecutively underwent surgical resection for lung tumors at the Department of Cardio-Thoracic Surgery and who were diagnosed with nonsmall cell lung cancer at the Section of Anatomic Pathology of the University of Pisa from January 1995 to December 1996, was conducted. Tumors, originally classified as squamous cell carcinomas, adenocarcinomas, bronchioloalveolar carcinomas and anaplastic large-cell carcinomas, were reclassified according to the 2004 World Health Organization (WHO) pathologic criteria (19) by two pathologists (V.D. and G.F.), and 62 cases of lung adenocarcinoma were identified. Special attention was paid to determine the different histologic subtypes/patterns of lung adenocarcinoma (mucinous/non-mucinous/mixed bronchioloalveolar, papillary, acinar, solid, signet ring, mucinous and clear cell). For all 62 adenocarcinomas, both formalin-fixed paraffin-embedded (FFPE) and frozen tissues were available. At least three FFPE tissue blocks of each adenocarcinoma were retrieved from archives. The most representative tissue block, for which all of the characteristic patterns of that specific neoplasm were present, was selected for each case. Frozen tissues from both the tumor and collateral normal lung were obtained immediately after surgery, before fixing tissues in 10% buffered formalin. Fresh tissues were isolated by pathologists, placed in sterile cryo-vials, snap-frozen in liquid nitrogen and stored at -80˚C.
Clinical 3 cells were microdissected. The microdissected samples were cleanly removed using the MMI Isolation Cap, which rests on the membrane and has no direct contact with the specimen. Images before cutting, after cutting and after capture ( Fig. 1 ) were taken and stored. Isolation of genomic DNA from lasermicrodissected FFPE tissues of each histologic subtype composing each of the 62 lung adenocarcinomas was performed using the QIAamp DNA Micro Kit (Qiagen GmbH, Hilden, Germany). Tissues were lysed overnight in a humidified chamber at 56˚C in 30 μl of ATL buffer and 10 μl of proteinase K; after the overnight lysis, 10 μl of ATL buffer was added. Carrier tRNA was added to improve DNA recovery. DNA was eluted in 30 μl of distilled water twice, each time in a distinct microcentrifuge tube, and immediately processed for polymerase chain reaction amplification.
To confirm the results obtained from the FFPE specimens, isolation of genomic DNA from both normal and tumor snap-frozen tissues from 23 lung adenocarcinomas (3 adenocarcinomas harboring EGFR mutations in their patterns and 20 adenocarcinomas randomly selected out of the wild-type cases) was performed using the Nucleospin ® Kit (MachereyNagel GmbH & Co. KG, Düren, Germany) according to the manufacturer's instructions. For each case, 25 mg of tissue was obtained by cutting frozen specimens using a cryostat (Micron, Walldone, Germany) pre-cooling at -30˚C, and transferring them using sterile needles (0.33 x 12 mm, 29G x 1/2 inch) into microcentrifuge tubes containing 180 μl of lysis buffer. DNA was eluted in 100 μl of distilled water. The first and the last section cut from each specimen were stained with hematoxylin and eosin to confirm tissue histology.
Molecular analyses. Detection of EGFR mutations in exons
18-21 was performed using polymerase chain reaction singlestrand conformation polymorphism (PCR-SSCP) and direct DNA sequencing.
PCR-SSCP screening of EGFR mutations in all microdissected histologic patterns of lung adenocarcinoma was performed by amplifying exon 18 to 21 as follows. DNA was used as a template in a 50-μl PCR mixture containing 10 mM Tris-HCl, 50 mM KCl, 1. (amplicon size, 235 bp). A mock control in which no DNA was added was processed in parallel with each sample. Cycling conditions were as follows: initial denaturation (94˚C, 5 min), then 35 cycles of denaturation (94˚C for 40 sec), annealing (55˚C for 40 sec) and synthesis (72˚C for 40 sec) followed by a final extension at 72˚C for 5 min. All PCR products were visualized by electrophoresis on a 1.5% agarose gel stained with ethidium bromide and purified using a PCR purification kit (Qiagen GmbH). Purified products were then diluted 1:1 with denaturing solution (1% xylene cyanol, 1% bromophenol blue, 0.1 mM EDTA and 99% formamide), denatured at 70˚C for 5 min and immediately placed on ice to prevent annealing of the single-strand products. SSCP was carried out on a GenePhor Electrophoresis Unit using GeneGel Excel 12.5/24 (12.5% T, 2% C) (GE Healthcare Biosciences AB, Uppsala, Sweden), according to the manufacturer's instructions. Electrophoresis (600 V, 25 mA, 15 W) was performed at 16˚C for 100 min. Gels were stained with DNA Silver Staining Kit (GE Healthcare Biosciences AB), according to the manufacturer's instructions. Altered migrations patterns in two independent PCR-SSCP runs were indicative of DNA mutations. All purified PCR products were then sequenced by an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems) according to the manufacturer's instructions. DNA sequences were compared to the wild-type sequences of EGFR exons 18-21 using the Basic Alignment Search Tool (BLAST) software available at the National Center for Biotechnology Information.
Results

Reclassification as lung adenocarcinomas according to 2004
WHO pathologic criteria. After a revision and reclassification of a two-year series of 208 consecutively resected non-small cell lung cancers according to the 2004 WHO pathologic criteria, 62 adenocarcinomas of the lung were identified.
Only 37 out of the 62 cases (59.7%) had been originally classified as 'adenocarcinomas'. In 14 cases (22.6%) the original diagnosis was 'bronchioloalveolar carcinoma', whereas 6 cases (9.7%) were originally classified as 'poorly differentiated squamous cell carcinoma' and 5 cases (8.0%) as 'anaplastic large-cell carcinoma'. All 'bronchioloalveolar carcinoma' were reclassified as 'adenocarcinomas with bronchioloalveolar features' due to the detection of several areas of invasion. Reclassification of 'poorly differentiated squamous cell carcinomas' and 'anaplastic large-cell carcinomas' as 'adenocarcinomas' was supported by microscopic diagnostic criteria and tumor immunophenotyping as reported in the 2004 WHO lung tumor classification (19) . The differential diagnosis between 'poorly differentiated squamous cell carcinomas' and 'solid type adenocarcinomas' was based on the fact that the majority of squamous cell carcinoma express predominantly highmolecular-weight keratin (CK34ßE12) and very few express thyroid transcription factor-1 (TTF-1), which is a transcription factor that plays an important role in the lungspecific expression of surfactant proteins and is expressed in up to 75% of pulmonary adenocarcinomas. In our series, 6 tumors originally classified as 'poorly differentiated squamous cell carcinomas' were immunostained for TTF-1 and CK34ßE12. Since they showed immunoreactivity for TTF-1 and were CK34ßE12-negative, they were reclassified as 'solid type adenocarcinomas'. The diagnosis of 'large-cell carcinomas' is a diagnosis of exclusion made after ruling out the presence of a component of adenocarcinoma or squamous cell carcinoma. Therefore, a tumor must be classified as 'solid type adenocarcinoma', when a minimum of 5 mucinous droplets are present in at least 2 high power fields or as 'poorly differentiated squamous cell carcinoma' when foci of keratinization and/or intercellular bridges are present. The 5 cases originally classified as 'anaplastic large cell carcinomas' showed >5 mucinous droplets in at least 2 high power fields and were TTF-1-positive, so they were reclassified as 'solid type adenocarcinomas'.
Particular care was taken in identifying distinct histologic subtypes present in each adenocarcinoma. Twenty adenocarcinomas showed a single histologic pattern, which was 'non-mucinous bronchioloalveolar' in 8 cases, 'solid' in 6 cases, 'acinar' in 2 cases, 'mucinous' in 2 cases, 'mucinous bronchioloalveolar' in 1 case and 'clear cell' in 1 case. The remaining 42 adenocarcinomas with more then one component subtype ('mixed subtype') were composed of three patterns in 15 cases, two patterns in 25 cases and a mixture of nonmucinous bronchioloalveolar and mucinous bronchioloalveolar in 2 cases. In total, 119 component subtypes were identified: 38 'solid' patterns, 34 'acinar' patterns, 21 'bronchioloalveolar' patterns (17 'non-mucinous bronchioloalveolar' and 4 'mucinous bronchioloalveolar'), 9 'papillary' patterns, 9 'clear cell' patterns, 7 'mucinous' and 1 'signet ring'. Figs. 2A and 3A) .
Screening of EGFR mutations in exons 18
Patient ID# 23 was a 75-year-old female, never smoker, originally diagnosed with a pT2N2 BAC (left pneumonectomy) and reclassified as 'adenocarcinoma with non-mucinous bronchioloalveolar and mucinous bronchioloalveolar components'. Both bronchioloalveolar component subtypes harbored an EGFR exon 19 E746-T751 deletion (2237-53) VA (TTGCT) insertion (Figs. 2B and 3B) .
Patient ID# 59 was a 68-year-old male, former smoker, originally diagnosed with a pT2N0 adenocarcinoma (right superior lobectomy) and reclassified as 'adenocarcinoma with non-mucinous bronchioloalveolar, acinar and solid components'. Even in this case all the component subtypes harbored the same EGFR mutation, which was the exon 19 LREAT deletion (15 bp, 2239-53, L747-T751) (Figs. 2B and  3C) .
The above results were confirmed in DNAs isolated from frozen tumor tissues of the 3 adenocarcinomas harboring EGFR mutations and from 20 randomly selected adenocarcinomas with wild-type EGFR exons 18-21 using PCR-SSCP and direct sequencing. Normal lung tissue adjacent to adeno-carcinoma was available for 2 out of the 3 patients with EGFR mutations (ID# 23 and 59) and for all the remaining 20 patients with wild-type EGFR exons 18-21. No EGFR mutation was described in normal lung tissue from the 22 cases examined. Normal lung tissue was not available for patient ID# 20 since the specimen which originally and macroscopically was thought to be normal was neoplastic in the first and last sections cut using the cryostat and stained with hematoxylin and eosin.
Discussion
Histologic heterogeneity of lung adenocarcinoma is well known and seems to be related to complex molecular profiles, different clinical behaviors and responsiveness or resistance to therapy. Many component subtypes have been described, and only recently has their importance in prognosis and response to therapy emerged. Thus, the goal of our study was to characterize EGFR mutations in distinct histologic subtypes of adenocarcinoma of the lung. To do so, we reviewed a complete two-year (1995-1996) series of 208 nonsmall cell lung cancers from our archives. Our accurate histologic revision according to the 2004 WHO histologic criteria led to the identification of 62 adenocarcinomas. Significantly, all the tumors (14 cases) originally diagnosed as 'BAC' were reclassified as adenocarcinomas with bronchioloalveolar component. Bronchioloalveolar carcinoma (BAC) is a subtype of adenocarcinoma characterized by lepidic growth of tumor cells along the alveoli without stromal, vascular, lymphatic or pleural invasion (19) . Pure BAC is uncommon, accounting for ~1-4% of NSCLC (20), whereas adenocarcinomas with a bronchioloalveolar component showing areas of invasion (referred to as 'adenocarcinomas with bronchioloalveolar features' or 'adenocarcinomas, mixed subtype with a bronchioloalveolar component') are very common and represent ~50% of adenocarcinomas (19) . In our series, 19 adenocarcinomas (30.6%) had a bronchioloalveolar component. Another significant aspect of our review was the reclassification of 6 poorly differentiated squamous cell carcinomas and 5 anaplastic large-cell carcinomas as adenocarcinomas. As previously stated, immunoprofiling of these tumors using immunostaining for TTF-1 and CK34ßE12 was of great importance and helped in the differential diagnosis when we were not able to determine a histotype based only on morphological features.
Since the goal of our study was to characterize EGFR mutations in exons 18-21 in distinct subtypes of lung adenocarcinomas, particular care was taken in identifying every histologic subtype present in each adenocarcinoma. According to the literature, most of the adenocarcinomas analyzed were 'mixed subtype' (42 out of 62, 67.7%), mainly characterized by two subtypes. Among the 20 adenocarcinomas with a single histologic pattern, ~50% was represented by tumors with a bronchioloalveolar component (9 cases). This evidence is important considering the fact that in many studies lung adenocarcinomas with bronchioloalveolar features are reported to be those affected by the highest number of EGFR mutations and the most responsive to TKI. Regarding the total number of subtypes, we identified 119 component subtypes in 62 adenocarcinomas with a prevalence of 'solid', 'acinar' and 'bronchioloalveolar' subtypes.
Mutations in EGFR exons 18-21, coding for the tyrosine kinase domain, have been extensively studied in lung adenocarcinomas since 2004 (8, 9) . Mutations associated with responsiveness or resistance to therapy with TKI have been identified, and only recently have investigators begun to relate them to histologic subtypes. In our study, in order to accurately analyze EGFR exons 18-21 profile of each subtype and avoid cross-contamination, laser capture microdissection technique was used. In research, laser microdissection has been extensively used to selectively isolate malignant from normal cells, even in studies involving the molecular characterization of EGFR mutations in non-small cell lung cancer (2, 3) . However, as far as we know, this is the first application of laser capture microdissection technique to isolate malignant cells from different histologic subtypes of lung adenocarcinoma in the same lung adenocarcinoma.
Only 3 out of the 62 adenocarcinomas analyzed harbored EGFR mutations. This low percentage (4.8%) of cases with EGFR mutations compared to that reported in the literature (30%) (11) might be explained by the unbalanced male to female ratio in our unselected series of patients (58 males and 4 females). In fact, as known, EGFR mutations are more frequently observed in women and non-smokers. Notably, 1 of the 3 patients harboring EGFR mutation was a neversmoker woman.
The three mutations we observed were either in exon 19 [E746-T751 deletion (2237-53) VA (TTGCT) insertion in ID# 23 and LREAT deletion in ID# 59] or in exon 21 [L858R (2573 T→G, CTG→CGG)]. The exon 19 LREAT deletion and exon 21 L858R point mutation are the most common EGFR mutations and are associated with responsiveness to TKI. L858R (substitution mutations changing leucine 858 to arginine) lays in the activation and glycine-rich P loops, which are important for autoregulation, and multiple deletion mutations clustering in the region spanning codons 746-750 (ELREA) are around the active site of the kinase (8, 9) . Somatic mutations around the EGFR tyrosine kinase domain enhance ligand-inducing EGFR autophosphorylation and confer increased sensitivity to gefitinib.
In our study, EGFR mutations were observed in all subtypes composing the same neoplasm. This suggests that, in patients with lung adenocarcinoma, EGFR mutations are not associated with particular histologic subtypes and probably occur at an early stage of tumorigenesis. However, the proportion of mutated cases in our study was too low to confirm this. Notably, 2 out of the 3 mutated adenocarcinomas had a bronchioloalveolar component, partly confirming that the bronchioloalveolar pattern is frequently associated with EGFR mutations, whereas the third mutated adenocarcinoma had a papillary subtype. In a recent study, Motoi et al examined in detail different histologic subtypes in 100 lung adenocarcinomas and found that it is important to include the 'major histologic subtype' in the scheme of classification of 'mixed subtype adenocarcinomas'. In their comprehensive study, the papillary pattern, which was the most common major histologic subtype (37%), strongly correlated with EGFR mutations and a gene profile cluster (cluster 1), was also associated with less smoking. In contrast, the solid pattern, which was the third most common major histologic subtype (25%) after papillary and acinar (30%), strongly correlated with a less favorable patient survival and a gene profile cluster strongly associated with heavier smoking, larger tumor size and higher grade (18) .
In conclusion, although we detected EGFR mutations only in 3 out of the 62 adenocarcinomas, and EGFR mutations were present in every subtype of each mutated adenocarcinoma, our research represents a basis for further studies in characterizing molecular profiles of different subtypes composing single lung adenocarcinomas. We believe that the novel application of laser capture microdissection technique described in our study might be a powerful and helpful tool for molecular characterization of single histologic subtypes of lung adenocarcinoma. From molecular analyses of laser capture microdissected histologic subtypes of lung adenocarcinoma, we may better define their genetic profiles and recognize unforeseen histologic-genetic correlations useful to a comprehensive approach to histologic subclassification of lung adenocarcinoma and to design new tailored therapies. Thus, we are conducting further studies of EGFR mutations in distinct histologic subtypes laser capture-microdissected from a larger, pre-selected and prospectively acquired series of adenocarcinomas harboring EGFR mutations in exon 18-21, for which data on response to therapy with TKI are available. Given the histologic heterogeneity of lung adenocarcinoma and since the major genetic pathways of 30-70% of lung adenocarcinomas need to be discovered, a comprehensive approach in histologic subtyping might provide an advantage in the recognition of correlations between histology and genetics and in the identification of prognostic and predictive markers in such complex tumors.
